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ABSTRACT
We examine properties of the population of SOHO/STEREO (dwarf) Kreutz sungrazing comets from
2004 to 2013, including the arrival rates, peculiar gaps, and a potential relationship to the spectacular
comet C/2011W3 (Lovejoy). Selection effects, influencing the observed distribution, are largely absent
among bright dwarf sungrazers, whose temporal sequence implies the presence of a swarm, with the
objects brighter at maximum than apparent magnitude 3 arriving at a peak rate of ∼4.6 per year in
late 2010, while those brighter than magnitude 2 at a peak rate of ∼4.3 per year in early 2011, both
a few times the pre-swarm rate. The entire population of SOHO/STEREO Kreutz sungrazers also
peaked about one year before the appearance of C/2011 W3. Orbital data show, however, that a great
majority of bright dwarf sungrazers moved in paths similar to that of comet C/1843 D1, deviating
10◦ or more from the orbit of C/2011 W3 in the angular elements. The evidence from the swarm and
the overall elevated arrival rates suggests the existence of a fragmented sizable sungrazer that shortly
preceded C/2011 W3 but was independent of it. On the other hand, these findings represent another
warning signal that the expected 21st-century cluster of spectacular Kreutz comets is on its way to
perihelion, to arrive during the coming decades. It is only in this sense that we find a parallel link
between C/2011 W3 and the spikes in the population of SOHO/STEREO Kreutz sungrazers.
Subject headings: comets: general — comets: individual (X/1106 C1, C/1843 D1, D/1993 F2, C/1996
Y1, C/2001 G2, C/2003 F5, C/2003 K7, C/2004 A4, C/2004 P5, C/2005 U5,
C/2006 A5, C/2006 V2, C/2006 U8, C/2007 S4, C/2008 K4, C/2009 C3, C/2009
D4, C/2009 Y4, C/2010 B3, C/2010 C4, C/2010 E6, C/2010 G4, C/2010 U8,
C/2010 V8, C/2010 W2, C/2010 X11–X17, C/2010 Y1–Y16, C/2011 N3, C/2011
W3, C/2012 E2, C/2013 F4, SOHO-2062, -2072, -2143, -2505, -2571, -2574) —
methods: data analysis
1. INTRODUCTION
The osculating orbital period of about 700 years deter-
mined for comet C/2011 W3 (Lovejoy), the most recent
spectacular member of the Kreutz system of sungrazers
(Sekanina & Chodas 2012), rules out this comet’s iden-
tity with any known Kreutz sungrazer. In particular, it
cannot represent the return of any member of this sys-
tem that has arrived to perihelion since the 17th century
(Kreutz 1901, Marsden 1967), thus providing another ex-
ample of the immense complexity of this comet family.
With about 2000 minor members known, thanks to the
ongoing vigorous search by amateur astronomers in im-
ages exposed with the coronagraphs on board the Solar
and Heliospheric Observatory (SOHO; see Brueckner et
al. 1995) and, more recently, also with the coronagraphs
on board the two spacecraft of the Solar Terrestrial Re-
lations Observatory (STEREO; see Howard et al. 2008),
the relationship between the minor sungrazers and comet
C/2011 W3 needs to be addressed. For example, did
the temporal distribution of the SOHO/STEREOKreutz
sungrazers change on account of the impending arrival
of C/2011 W3? Is there any evidence for changes in the
brightness distribution of these minor sungrazers? If yes,
how could any such changes be interpreted? And could
the results be employed in the future to forecast the im-
minent arrival of another spectacular sungrazer?
Zdenek.Sekanina@jpl.nasa.gov, r.kracht@t-online.de
2. BRIGHT SOHO/STEREO SUNGRAZERS IN 2004–2013
The prediction, published several years ago (Sekanina
& Chodas 2007), of another cluster of bright sungrazers
to appear in the coming decades was already commented
on (Sekanina & Chodas 2012). Based on a study of the
long-term evolution of the Kreutz system, this predic-
tion was borne out by C/2011 W3, the expected cluster’s
first apparent member. In comparison, a successful ef-
fort aimed at forecasting the arrival of a strikingly bright
sungrazer we refer to at the end of Sec. 1 is meant to con-
fine the object’s appearance to a temporally much more
constrained window.
To address the raised questions, we begin with the dis-
tribution, between 2004 and 2013, of arrival times of the
SOHO/STEREO Kreutz sungrazers that were at their
maximum brighter than apparent magnitude 3; they are
referred to hereafter as the bright dwarf sungrazers. Like
the fainter Kreutz minicomets, they all failed to survive
perihelion. We felt that the interval of nearly eight years
is more than sufficient to cover all interesting objects
in the SOHO/STEREO population that preceded, yet
might still show a potential relationship to, C/2011 W3.
We should emphasize that because the definition of a
bright dwarf sungrazer is entirely arbitrary, the limit at
apparent magnitude 3 should be regarded only as a crude
constraint. Indeed, because of SOHO’s and STEREO’s
instrumental limitations and biases as well as operational
practices and options (e.g., orange vs. clear filters, vari-
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able image cadence, uneven duty cycle, etc.; see Knight
et al. 2010 for a comprehensive photometric analysis),
it could be very difficult to determine a magnitude with
much accuracy and virtually impossible to establish its
equivalent value in any standard photometric band. For
example, to avoid mixing the clear-filter and orange-filter
magnitudes for objects observed with SOHO’s C2 and/or
C3 coronagraphs is practically unfeasible, because this
problem is intrinsic to the data-acquisition process. The
resulting color index is known to show an enormous scat-
ter of several magnitudes (Knight et al. 2010) and even
though systematic trends are vaguely detected, a color
correction inferred from the statistics can never be war-
ranted to indiscriminately apply to any particular sun-
grazer’s magnitude and is not necessarily better than no
correction. Among the brightest comets listed by Knight
et al., such as C/1998 K10, C/2000 H2, or C/2003 K7,
the color index is indeed near zero.
The objects that satisfy our definition of a bright dwarf
sungrazer are summarized in Table 1, which presents
19 selected objects. The magnitude of most is at max-
imum brightness in the C2 coronagraph, even though
some may have peaked in C3, with no such data being
available. Only for a few listed sungrazers the bright-
ness was measured in C3. The magnitudes were taken
from various data sources, as indicated. Because of un-
certainties, borderline cases are unavoidable. It is always
possible that one or two listed objects may, in a uniform
photometric system, be somewhat fainter than the cho-
sen magnitude limit, while the brightness of a very few
comets not included may just barely exceed it. In any
case, we regard the set as a fairly representative sample.
We took further measures to constrain the magnitudes
for the individual entries in Table 1. Some of the ob-
jects were compared with other sungrazers, whose maxi-
mum brightness was reported to have been near apparent
magnitude 3, by inspecting the SOHO’s C2 and C3 coro-
nagraphic movies.1 Known magnitudes for these com-
parisons were taken primarily from Knight et al. (2010).
The second author’s website blog,2 which provides a ta-
ble of bright Kreutz sungrazers, proved especially useful
in compiling Table 1. Also, his determination that the
detector of the SOHO’s C2 coronagraph begins to satu-
rate by objects of apparent magnitude ∼1.5 allows one
to instantly set an upper or lower brightness limit by
just looking at the image. The arguments for including
some objects are presented in the table’s footnotes, which
also provide information on the electronic blogs. Finally,
the properties of the chosen set of SOHO/STEREO sun-
grazers brighter at maximum light than apparent mag-
nitude 3 is in the following compared with the properties
of a subset, the sungrazers brighter at maximum light
than magnitude 2. The magnitudes of most of these ob-
jects were determined from C2 imaging and come from
the second author’s website.2
While the number of bright SOHO/STEREO sungraz-
ers is limited, their advantage is that they are practically
free from the selection effects that influence the detection
of fainter Kreutz minicomets. In particular, strong an-
nual double-peak variations in the discovery rate from
images taken with the C2 coronagraph are due to peri-
1 See http://sohodata.nascom.nasa.gov/cgi-bin/data query.
2 See http://www.rkracht.de/soho/bright/bright.htm.
Table 1
SOHO/STEREO Kreutz Sungrazers from 2004–2013
Brighter at Maximum Light Than Magnitude 3.
Date of first Apparent
observation magnitude
Object in C3 (UT) at max. Reference(s)a
C/2006 A5 2006 Jan. 4 2.9b IAUC 8694, [1]
C/2006 V2 2006 Nov. 1 1.3 IAUC 8811, [1]
C/2008 K4 2008 May 22 0.5 IAUC 8982, [1]
C/2009 C3 2009 Feb. 4 2–3 IAUC 9055
C/2009 D4 2009 Feb. 21 2–3 IAUC 9056
C/2009 Y4 2009 Dec. 30 1.0 IAUC 9117, [1], [2]
C/2010 B3 2010 Jan. 17 ∼2c [2]
C/2010 E6 2010 Mar. 10 1.1 IAUC 9151, 9157, [1], [2]
C/2010 G4 2010 Apr. 8 0 [1], [2]
C/2010 U8 2010 Oct. 19 1.8 [1], [2]
C/2010 V8 2010 Nov. 12 2.3 [1], [2]
C/2010 W2 2010 Nov. 17 1.4 [1], [2]
SOHO-2062 2011 May 9 0.9 [1], [2]
SOHO-2072 2011 May 20 1.5 [1]
C/2011 N3 2011 Jul. 4 1 IAUC 9227, [1], [2]
SOHO-2143 2011 Sept. 30 −0.5 [1], [2], [3]
C/2012 E2 2012 Mar. 13 1 CBET 3047, [1], [3]
SOHO-2505 2013 May 10 1.8 [1]
SOHO-2571 2013 Aug. 18 2.6 [1]
a Website URLs: [1] http://www.rkracht.de/soho/bright/bright.htm;
[2] http://remanzacco.blogspot.com for 2010 dates of Jan. 2, Jan. 23,
Mar. 12, Apr. 10, Oct. 21, Nov. 16, and Nov. 20, and for 2011 dates
of May 11, Jul. 5, and Oct. 2; [3] http://sungrazer.nrl.navy.mil,
news items dated Oct. 4, 2011 and Mar. 16, 2012.
b Claim on IAUC 8694 of this comet’s peak magnitude of “perhaps
−1.5” is strongly disputed in [1].
c This crude estimate is based on a statement in [2] that this comet
was ∼1–1.5 magnitudes fainter than C/2009 Y4. Comparison of C3
images shows that C/2010 B3 was clearly brighter than C/2007 C6,
which according to IAUC 8844 peaked at magnitude ∼3.
odic orientation changes in the Kreutz comets’ orbital
plane relative to Earth (Sekanina 2002; Knight et al.
2010): the more prominent peak occurs in May, while
the less pronounced but much more extended one covers
October-December (e.g., Knight et al.’s Figure 13). One
of the deep minima is in January and, accordingly, in a
set of 19 objects there should be none during that month.
Yet, in Table 1 we have two of them, consistent with an
essentially random annual-distribution sample.
For the years 2004–2013, the cumulative distribu-
tions of arrival times of the SOHO/STEREO sungrazers
brighter at their maximum than, respectively, apparent
magnitude 3 and 2 are plotted in Figure 1, in which the
entries from Table 1 are fitted with a polynomial of the
4th power modified at the ends. The arrival time is the
calendar date of the first observation in SOHO’s C3 coro-
nagraph, which is shown in column 2 of Table 1. Because
no Kreutz sungrazer can enter the field of view of the
SOHO’s C3 coronagraph earlier than less than 5 days
— and the field of view of the C2 coronagraph earlier
than less than 0.5 day — before perihelion, the differ-
ence between the arrival time and the perihelion time
is negligible on the scale of Figure 1. The reason for
choosing this approximation is the fact that perihelion
times of nearly all sungrazers that have arrived since the
beginning of 2011 are not yet available.
The upper curve in Figure 1 illustrates the rapidly in-
creasing number of bright SOHO/STEREO sungrazers
starting in 2008, while the lower curve, based on 13 ob-
jects, a year or two later. The overall shapes of the two
distribution curves are similar, except for the slightly less
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CUMULATIVE DISTRIBUTION OF BRIGHT
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Figure 1. Cumulative distributions of the bright dwarf Kreutz
sungrazers observed with the SOHO and/or STEREO corona-
graphs in 2004–2013. The solid circles refer to 19 objects brighter
at their maximum than magnitude 3, the circled dots to 13 objects
brighter than magnitude 2. The data points are from Table 1. The
curves are the fitted 4th-power polynomials slightly modified at the
ends, where the distribution curves are poorly defined.
steep rate of growth of the lower curve, as expected. This
fact strengthens our confidence that we deal with repre-
sentative sets of bright dwarf sungrazers. Both distribu-
tions — especially the upper one — do, however, display
pronounced local deviations from the fitted polynomials,
appearing as step-like features separated from each other
by gaps extending over several months. Their nature will
be addressed in Sec. 5.
No sungrazers were brighter at maximum light than
magnitude 3 in 2004–2005, although in 2003, just off
the scale of Figure 1, two were brighter: C/2003 F5 and
C/2003 K7. From Table 2 of Knight et al. (2010), which
includes only those Kreutz sungrazers whose brightness
peaked in C3, it follows that during the decade 1996–2005
there was a total of eight SOHO sungrazers brighter at
maximum than magnitude 3, suggesting an average rate
of 0.8 per year. Knight et al.’s list does not though in-
clude C/1996 Y1 and C/2001 G2, both of which accord-
ing to Kracht (see footnote 2) were brighter at maximum
than magnitude 1. For the same period of time, Kracht
lists eight sungrazers — or an average of 0.8 per year —
that, mostly in C2, reached at maximum at least appar-
ent magnitude 1, the same rate as that implied by Knight
et al.’s data but for clearly brighter objects.
By differentiating the polynomial approximations to
the curves in Figure 1, we derived the smoothed arrival-
rate distributions of the bright SOHO/STEREO Kreutz
sungrazers in Figure 2. The arrival-rate curves — poorly
determined before and in early 2008 and again from late
2012 on — tend to converge to zero in 2006 and 2014.
From Figure 2, the times of peak arrival rate are
2010.88 (∼mid-November 2010) for the dwarf sungrazers
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Figure 2. Variations in the arrival rate of the bright dwarf Kreutz
sungrazers observed with the SOHO and STEREO coronagraphs
in 2004–2013. The curves are the differentiated polynomials fitting
the cumulative distributions in Figure 1. The peak arrival rates
are, respectively, ∼4.6 per year at 2010.88 for the objects brighter
at their maximum than apparent magnitude 3 and ∼4.3 per year at
2011.35 for those brighter than magnitude 2. The poorly defined,
dashed sections of the curves before 2009 and from late 2012 on
are replaced with the estimated average rates from 1996–2005. The
dot-dashed curve is a ball-park extrapolation into the future.
brighter at maximum light than magnitude 3 and 2011.35
(∼ early May 2011) for those brighter at maximum light
than magnitude 2. With the larger set assigned a greater
weight and with an estimated uncertainty of two to four
months in the times of peak arrival rate, we conclude
that, on the average, this group of bright dwarf sungraz-
ers preceded the arrival of C/2011 W3 by just about one
year, which suggests a potentially close relationship be-
tween both.
The polynomial fitting indicates that the smoothed
peak arrival rates were ∼4.6 and ∼4.3 objects per year,
respectively, for the two sets of data, showing that the
arrival rate of sungrazers with a magnitude at their max-
imum between 2 and 3 was only about 0.3 per year. At
much lower arrival rates before 2009, the difference could
not possibly have been any greater than this. For illustra-
tion, Figure 2 shows the pre-2008 constant rates of 1.3
per year for the sungrazers brighter at maximum light
than magnitude 3 and 1.0 per year for those brighter
than magnitude 2.
The relatively flat magnitude distribution function of
the bright SOHO/STEREO Kreutz sungrazers is also
documented by the surprising merger of the two curves
in Figure 2 at times starting in the second half of 2011,
suggesting a deficit of the sungrazers with magnitudes at
maximum light between 2 and 3. Only to a degree may
this property of the distribution function be affected by
insufficient data. The same probably also applies to the
precipitous dropoff rate during 2012, which in Figure 2
appears steeper than the rate of rise before 2011 and
which is of course a product of a deficit of bright dwarf
sungrazers during much of 2012.
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Table 2
Orbital Elements and Apsidal Orientation of Bright SOHO/STEREO Kreutz Sungrazers from the Years 2004–2013
Compared with the Orbital Data for Spectacular Comets C/1843 D1 and C/2011 W3 (Eq. J2000.0).
Orbital elements Line of apsides Number
of used
Objecta tpi (ET) ω Ω i q (R⊙) Lpi Bpi positions Reference
C/2006 A5∗ 2006 Jan. 5.66 80◦.27 0◦.54 144◦.04 0.92 282◦.50 +35◦.36 62 MPC56609
C/2006 V2 2006 Nov. 3.78 84.76 5.89 144.58 1.07 282.31 +35.25 48 MPC58779
C/2008 K4∗ 2008 May 23.843 82.631 3.575 144.571 0.990 282.594 +35.093 139 MPC63377
C/2009 C3∗ 2009 Feb. 5.65 82.15 3.59 144.82 1.01 283.16 +34.80 17 MPC66465
C/2009 D4∗ 2009 Feb. 23.438 82.308 4.209 144.677 1.192 283.608 +34.958 99 MPC66465
C/2009 Y4∗ 2010 Jan. 3.537 83.191 4.567 144.573 1.044 282.903 +35.140 128 MPC68393
C/2010 B3∗ 2010 Jan. 21.783 83.172 4.420 144.572 1.031 282.780 +35.139 198 MPC72130
C/2010 E6∗ 2010 Mar. 12.893 83.206 4.381 144.595 1.031 282.697 +35.120 141 MPC70816
C/2010 G4∗ 2010 Apr. 10.249 83.409 4.390 144.668 1.018 282.451 +35.064 107 MPC72133
C/2010 U8∗ 2010 Oct. 21.481 85.087 5.480 144.641 1.079 281.497 +35.210 83 This work
C/2010 V8∗ 2010 Nov. 14.507 85.181 6.571 144.492 1.159 282.484 +35.364 61 This work
C/2010 W2∗ 2010 Nov. 19.245 85.247 6.663 144.458 1.157 282.497 +35.401 77 This work
SOHO-2062 2011 May 11.269 84.726 6.756 144.113 1.352 283.256 +35.717 157 This work
SOHO-2072∗ 2011 May 22.054 85.335 6.836 144.405 1.160 282.566 +35.459 135 This work
C/2011 N3∗ 2011 Jul. 6.00 85.10 6.41 144.41 1.14 282.43 +35.44 102 MPC75517
SOHO-2143∗ 2011 Oct. 1.853 85.267 6.623 144.470 1.140 282.432 +35.391 129 This work
C/2012 E2∗ 2012 Mar. 15.006 85.728 7.461 144.344 1.153 282.714 +35.542 61 This work
SOHO-2505∗ 2013 May 12.310 85.782 7.133 144.621 1.109 282.302 +35.269 128 This work
SOHO-2571 2013 Aug. 20.118 76.708 356.277 143.695 1.290 282.507 +35.200 175 This work
C/1843 D1 1843 Feb. 27.914 82.756 3.695 144.384 1.173 282.582 +35.289 37 Sekanina & Chodas (2008)
C/2011 W3 2011 Dec. 16.012 53.510 326.369 134.356 1.193 282.984 +35.088 123 Sekanina & Chodas (2012)
a Members of the swarm that are particularly tightly related to one another are marked with an asterisk.
A major conclusion from our analysis of the tempo-
ral distribution of bright dwarf sungrazers is that in the
past several years we witnessed the arrival of a swarm,
or, because of the local deviations from a smooth curve,
the arrival of a swarm of clumps of these objects. An ex-
citing possibility exists that all, or at least most, of these
bright minicomets were closely related to each other, and
possibly to C/2011 W3. First, however, this hypothesis
needs to be tested dynamically.
3. ORBITAL DATA FOR BRIGHT DWARF SUNGRAZERS
Parabolic orbital elements for the first nine sungrazers
in Table 1 were computed by B. G. Marsden and those
for C/2011 N3 by G. V. Williams; they were published
in various Minor Planet Circulars (MPC). A parabolic
orbit determination for C/2012 E2 in MPC79023 rested
on merely 39 observations of low accuracy from images
taken with the HI1-B and C3 coronagraphs on board, re-
spectively, STEREO-B and SOHO. With no orbits avail-
able for the more recent objects in Table 1 at the time
we began to tackle this problem, the second author took
up the task of measuring hundreds of their positions and
computing their parabolic orbits, including the orbital
re-determination of C/2012 E2 based, in addition, on
more accurate positions from 19 images taken with the
COR2-B coronagraph. Only after this work was com-
pleted did Gray (2013) independently publish the ele-
ments for comets C/2010 U8 (SOHO-1932), C/2010 V8
(SOHO-1948), and C/2010 W2 (SOHO-1954).
The parabolic orbits for the 19 sungrazers are, with
the references, presented in Table 2; the second author’s
results are listed for nine. For comparison, the last two
lines contain the elements from elliptical solutions for
two major sungrazers. The columns Lpi and Bpi provide,
respectively, the longitude and latitude of perihelion.
The orbital data in Table 2 have major implications.
They primarily show an utter lack of orbital similarity
between the 19 bright dwarf sungrazers on the one hand
and C/2011W3 on the other. The discrepancies are∼10◦
in the inclination and much more in the other angular el-
ements. Thus, the potential correlation suggested by the
near-coincidence between the appearance of C/2011 W3
and the arrival-rate peak of the 19 bright dwarf sungraz-
ers is strongly contradicted by this orbital evidence.
Our second finding is that except for the last entry,
SOHO-2571, the bright dwarf sungrazers move in orbits
that are remarkably similar to that of C/1843 D1 , one of
the two most spectacular Kreutz system’s members since
1800, just as do the orbits of most SOHO Kreutz sungraz-
ers (sometimes called Subgroup I , e.g., Sekanina 2002).
And third, with the exception of two more sungraz-
ers, C/2006 V2 and SOHO-2062, three elements — the
argument of perihelion ω, the longitude of the ascending
node Ω, and the perihelion distance q — of the remaining
objects’ orbits show a strong tendency to increase sys-
tematically with time, despite noise in the data. These
16 bright dwarf sungrazers , marked with asterisks in Ta-
ble 2, make up a swarm of objects that are particularly
tightly related to one another (a tightly-knit swarm). The
ranges spanned are about 5◦.5 in ω, 7◦ in Ω, and 0.24R⊙
in q. The range that measures a systematic trend in the
inclination i must be less than 0◦.2. In fact, the inclina-
tion and the apsidal line exhibit no obvious trends.
To confirm the veracity of these patterns, we offer two
tests. The first is a comparison of the total range with
the estimated uncertainty in each orbital element. No er-
rors were published for the orbits in Table 2 taken from
the MPCs. The solutions for the nine entries computed
by the second author yielded, on the average, the RMS
deviations of ±0.0015 day in tpi, ±0◦.19 in ω, ±0◦.30 in
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Table 3
Average Slopes and Correlation Coefficients for
Orbital Parameters of the 16 Tightly Related Members
of a Swarm of Bright Dwarf Sungrazers in Table 2.
Orbital Average Correlation
parameter slope coefficient
Argument of perihelion (yr−1) +0◦.889± 0◦.089 0.94
Long. ascending node (yr−1) +1◦.010± 0◦.090 0.95
Perihelion distance (R⊙ yr
−1) +0.0322± 0.0088 0.70
Inclination (yr−1) +0◦.024± 0◦.027 0.23
Longitude of perihelion (yr−1) −0◦.078± 0◦.066 −0.30
Latitude of perihelion (yr−1) +0◦.051± 0◦.029 0.42
Ω, ±0◦.05 in i, and ±0.011R⊙ in q. Equating the sig-
nal with the range and the noise with the sum of the
RMS deviations for the 16 swarm’s members calculated
as
√
16 = 4 times the average RMS deviation, we have a
signal-to-noise ratio of 5–7 for ω, Ω, and q. On the other
hand, the signal-to-noise ratio for i comes out to be <1.
This explains why the systematic trends are apparent in
the first three elements but not in the inclination.
The differences between the behavior of ω, Ω, and q of
the 16 swarm members, on the one hand, and their i, Lpi,
and Bpi, on the other hand, are independently illustrated
by comparing the relative errors of their average slopes,
〈dω/dt〉, . . . , 〈dBpi/dt〉, and the correlation coefficients,
which are summarized in Table 3. The results show huge
gaps in both criteria between the two groups of orbital
parameters. We will address the meaning of these effects
and provide their interpretation in Sec. 5.
The trends in Table 2 are also corroborated by the ob-
ject SOHO-2574, a sungrazer discovered in the second
half of August 2013. From the brightness measurements
by the second author, this comet never attained appar-
ent magnitude 3, peaking at about 3.8 in C3, so it is
not included in Tables 1 and 2. However, its orbit, in
Table 4, further extends the time interval of the system-
atic pattern of the bright dwarf sungrazers. This fainter
object probably is an outlying member of the swarm of
tightly related sungrazers.
4. TEMPORAL DISTRIBUTION OF ARRIVALS OF ALL
SOHO/STEREO SUNGRAZERS IN 2004–2013
The spike-like distribution of arrival times of all Kreutz
sungrazers detected with the coronagraphs on board the
SOHO and STEREO spacecraft from the beginning of
2004 until the time of this paper’s submittal in August
2013 is shown in Figure 3. The plotted numbers are the
totals of sungrazers with their arrival times within 12-day
periods of time with a six-day overlap. The first interval
(in UT) starts actually on December 29.0, 2003 and ends
on January 10.0, 2004, the second interval extends from
January 4.0 until January 16.0, 2004, etc. The overlap
is intended to suppress sharp variations in the number
of arriving sungrazers and makes thus a search for unex-
pected peaks deliberately more difficult.
Table 4
Parabolic Orbit of Comet SOHO-2574 (Eq. J2000.0).
tpi 2013Aug. 23.7201 ET ω 85◦.817± 0◦.08 Lpi 282◦.483
±0.0005 Ω 7◦.356± 0◦.07 Bpi +35◦.289
q 1.123± 0.003R⊙ i 144
◦.603± 0◦.017 114 obs.
The distribution clearly shows the annual variations
due to the selection effects already noted in Sec. 2. How-
ever, superposed on these quasi-periodic fluctuations are,
in spite of the employed overlapping technique, a clear
systematic long-term variation, with the most conspic-
uous spike at 2010.97, almost exactly one year prior to
the perihelion time of C/2011 W3. Inspection suggests
that this spike was dominated by a clump of 22 Kreutz
sungrazers detected during eight consecutive days, De-
cember 13–20, with an equivalent rate of an astonish-
ing 1000 objects per year! The second highest spike in
Figure 3 occurred one year later, at 2011.95, practically
coinciding with the perihelion time of C/2011 W3, and
dominated by a clump of 16 sungrazers discovered over 12
days, December 9–20. This rate is equivalent to nearly
500 objects per year. A third, double spike is located
symmetrically to the largest one, in late 2009. Thus,
comparing only December spikes in Figure 3 — in order
to eliminate much of the annual selection effect — we are
finding a pattern that is strongly resembling that exhibited
by the brighter sungrazers in Figure 2.
Gray’s (2013) very recent publication of the orbital
elements of the SOHO/STEREO sungrazers from the
second half of 2010 includes all 22 objects of the
December 2010 clump. Their definitive designations
are C/2010 X11 through C/2010 X17 and C/2010 Y1
through C/2010 Y15. Their astrometric observations,
now available as well, serve here to examine the similar-
ity of their orbits to those of C/1843 D1 and C/2011 W3.
For each sungrazer, Table 5 provides the number of obser-
Table 5
Orbital Similarity for 22 Members of December 2010
Clump of SOHO/STEREO Kreutz Sungrazers with
2010/2011 Swarm of Bright Dwarf Comets.
Mean residual from
Number Corona-
of used graph(s) Best C/1843 C/2011 Part of
Objecta positions used fitb D1 W3 swarm?
C/2010 X11 5 C2 ±0′.05 ±5 ′.24 ±0′.81 No??
C/2010 X12 26 C2, C3 ±0.46 ±0.62 ±7.08 Yes
C/2010 X13 9 C2 ±0.29 ±14.63 ±20.46 Yes??
C/2010 X14⋆ 49 C2, C3 ±0.69 ±15.58 ±24.87 Yes
C/2010 X15 17 C2, C3 ±0.52 ±5.51 ±4.84 ?
C/2010 X16 27 C2, C3 ±0.47 ±29.65 ±38.11 Yes
C/2010 X17 18 C2, C3 ±0.42 ±0.56 ±8.71 Yes
C/2010 Y1 11 C2 ±0.27 ±0.79 ±7.80 Yes
C/2010 Y2 18 C2 ±0.28 ±14.04 ±23.02 Yes
C/2010 Y3 24 C2, C3 ±0.80 ±1.34 ±8.73 Yes
C/2010 Y4 12 C2 ±0.40 ±3.20 ±6.17 Yes
C/2010 Y5 27 C2, C3 ±0.62 ±1.40 ±10.36 Yes
C/2010 Y6 19 C2 ±0.42 ±3.22 ±7.34 Yes
C/2010 Y7 27 C2, C3 ±0.47 ±20.77 ±30.07 Yes
C/2010 Y8 16 C2 ±0.41 ±0.81 ±10.18 Yes
C/2010 Y9 25 C3 ±0.44 ±8.58 ±17.64 Yes
C/2010 Y10⋆ 188 C2, C3c ±0.53 ±5.88 ±51.64 Yes
C/2010 Y11 19 C2, C3 ±0.69 ±7.71 ±18.42 Yes
C/2010 Y12 16 C2 ±0.19 ±5.65 ±6.50 Yes?
C/2010 Y13 14 C2 ±0.28 ±2.73 ±9.68 Yes
C/2010 Y14 13 C2 ±0.53 ±5.76 ±5.91 ?
C/2010 Y15⋆ 59 C2, C3 ±0.36 ±4.10 ±19.23 Yes
a Objects with a star are those observed very extensively and having
the angular orbital elements, as computed by Gray, rather strongly
resembling those of C/1843 D1.
b Taken from http://www.projectpluto.com/soho/soho.htm.
c Plus HI1-A and HI1-B.
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Figure 3. Distribution of arrival times of the Kreutz sungrazers, detected with the coronagraphs on board the SOHO and/or STEREO
spacecraft in the years 2004–2013. The sample is arranged into 12-day consecutive intervals, overlapping each other by six days. The
perihelion time of C/2011 W3 and the arrival times of the 19 bright dwarf sungrazers (A–U) from Table 1 are depicted near the top.
vations used, the coronagraphs employed, and the RMS
residuals from Gray’s best-fit parabolic solution and from
the elliptical orbits for C/1843 D1 (Sekanina & Chodas
2008) and C/2011 W3 (Sekanina & Chodas 2012) in
columns 2 to 6, respectively. The last column conveys
our conclusion whether or not each of the objects is likely
to be associated with C/1843 D1 and therefore with the
swarm of bright dwarf sungrazers.
A cursory glance through Gray’s list of orbits suggests
at once that up to five of them have angular orbital ele-
ments that resemble those of C/1843 D1. They include
the three most extensively observed among the 22 sun-
grazers — C/2010 Y10, C/2010 Y15, and C/2010 X14,
which are in Table 5 labeled with a star. The other two
sungrazers are C/2010 X16 and C/2010 Y12. The num-
ber of observations, on which their orbits are based, are
comparable to those for the orbits of C/2010 X12 and
C/2010 X17, which do not resemble that of C/1843 D1,
yet the residuals from their forced solutions in colmn 5
are nearly as good as those from the best-fit solutions.
Thus, for C/2010 X16 and C/2010 Y12 the orbital agree-
ment with C/1843 D1 does not offer much confidence in
the quality of the published solutions and a comparison
of the residuals in columns 5 and 6 should be the decisive
criterion, just as is the case with the rest of Table 5.
Overall, the mean residuals in columns 5 and 6 suggest
that the orbits of 19 of the 22 objects are better, usu-
ally much better, fitted by the orbit of C/1843 D1 than
C/2011 W3. The association with the swarm of bright
dwarf sungrazers is well established for 17, a little less so
for C/2010 Y12 (because of the competing residuals in
columns 5 and 6), and problematic but still possible for
C/2010 X13 (because of the very small number of used
observations).
We have serious doubts about the direct relationship to
the swarm of bright dwarf sungrazers only for three mem-
bers of the clump in Table 5: C/2010 X11, C/2010 X15,
and C/2010 Y14. Information on the first object is based
on only five observations, while other two show nearly
equal mean residuals from the two reference orbits; there
is thus very little evidence on which a judgment could be
predicated.
As a general comment on column 5 of Table 5, the high
mean residuals from the orbit of comet C/1843 D1 dis-
played by C/2010 X14, C/2010 X16, C/2010 Y2, and
C/2010 Y7 are a product of these objects’ perihelion
distances appreciably exceeding that of C/1843 D1, and
should not alarm the reader.
We conclude that a great majority of the clump of faint
Kreutz sungrazers from the period of December 13–20,
2010 was associated with C/1843 D1 and therefore with
the swarm of bright dwarf sungrazers .
Nothing definite can at present be concluded about the
clump of faint SOHO/STEREO sungrazers from Decem-
ber 2011. This problem must wait until the astrometric
positions and orbits of these sungrazers become available.
The spike-like features in the distribution of arrivals
of faint SOHO/STEREO Kreutz minicomets have their
counterparts among the bright dwarf sungrazers as well
(step-like features; see Sec. 2 and Figure 1). The four ob-
jects brighter at maximum than magnitude 3 that arrived
between 2010.00 and 2010.27 (C/2009 Y4, C/2010 B3,
C/2010 E6, and C/2010 G4) fit a slope distinctly steeper
than the polynomial’s slope and so do the three objects
between 2010.80 and 2010.88 (C/2010 U8, C/2010 V8,
and C/2010 W2). The equivalent rates are, respectively,
∼15 and nearly 40 per year, several times greater than
the peak rate of the smoothed distribution.
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CUMULATIVE DISTRIBUTION OF SOHO/STEREO
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Figure 4. Cumulative distribution of arrival times of the Kreutz sungrazers, detected with the coronagraphs on board the SOHO and/or
STEREO spacecraft in the years 2004–2013. The arrival times of the 19 bright SOHO/STEREO sungrazers from Table 1 are marked near
the top of the figure by the letters A–U. The perihelion time of C/2011 W3 is also depicted. The locations of the 11 flat segments on the
curve — fairly prolonged intervals of a zero or near-zero arrival rate — are shown by the Greek letters α–µ.
We detect a yet another effect that shows that during
the few years around 2010 the distribution in Figure 3 be-
haves untypically. It is the relation between the May and
the October-December peaks that we already mentioned
in Sec. 2. While the May spikes are never smaller than
the October-December spikes in 2004–2007 and 2012, the
former are outperformed by the latter in 2008–2011.
The cumulative distribution of arrival times of all
Kreutz sungrazers seen with the SOHO and STEREO
coronagraphs between 2004 and 2013 is presented in Fig-
ure 4, in which we plot the number of objects after each
six-day interval of time. The averaged slope of the dis-
tribution is practically constant until about the end of
2008, then it picks up a little, as can be expected from
the distribution in Figure 3.
Peculiar features on the cumulative-distribution curve
in Figure 4 are flat segments or “flats,” fairly prolonged
intervals of time during which the distribution curve es-
sentially levels off, with a zero or near-zero arrival rate of
the SOHO/STEREO sungrazers. Their times do not cor-
relate well with those of SOHO’s roll and must be a true
property of the Kreutz population’s distribution along
the orbit. Because of the extremely compressed scale in
Figure 4, the flats appear very short. The appearance of
flats is in greater detail illustrated on a section of the cu-
mulative distribution in Figure 5. Each flat was required
to satisfy at least one of two conditions: either no sun-
grazers detected to arrive for a minimum of three six-day
consecutive intervals, or their total number not exceeding
four over a minimum of five six-day consecutive intervals.
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CUMULATIVE DISTRIBUTION OF SOHO/STEREO
KREUTZ SUNGRAZERS’ ARRIVAL TIMES
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Figure 5. Closeup of the cumulative distribution of arrival times of the SOHO/STEREO Kreutz sungrazers between 2006.9 and 2008.3.
Compared to Figure 4, the flat segments β–ζ are much better resolved because in a limited time span the curve is now scaled differently.
Statistically, one would expect the highest rates of flats
during 2004–2005 because of lower arrival rates, no high
spikes on the distribution curve in Figure 3, and the ab-
sence of bright SOHO/STEREO sungrazers. However,
Figure 4 shows that this was not the case, suggesting
instead a seemingly counterintuitive positive correlation
between the bright dwarf sungrazers’ arrival rate and the
rate of flats on the cumulative-distribution curve during
the period ending with 2008: there were no flats between
the start of 2004 and mid-2006, while during the next
two years, between the arrivals of the bright sungrazers
C/2006 A5, C/2006 V2, and C/2008 K4, the average rate
was 3 flats per year. From mid-2009 to mid-2011 the rate
of flats was nearly constant at 2 per year.
5. DISCUSSION
The properties of the distribution of arrivals of the
SOHO/STEREO sungrazers in the years 2004–2013 il-
lustrate the morphological complexity of the Kreutz sys-
tem, which is driven by — and can be understood qual-
itatively and, to a degree, even quantitatively, in terms
of — a cascading fragmentation process, proposed by
Sekanina (2002) and in greater detail by Sekanina and
Chodas (2007). In this model, the fragments continue to
break up over and over again at all heliocentric distances,
so that an enormous and essentially continuous stream
of subfragments (or high-generation fragments) arrives
at perihelion at any time. This stream, which forms a
ring along the orbit, is, however, not structureless, and
the degree of its nonuniformity varies from place to place
on many spatial scales that are equivalent to time scales
from days to dozens of years and longer. The segment
of the Kreutz system that arrived at perihelion in 2004–
2005 was apparently characterized by a high degree of
uniformity, while in the subsequent years the opposite
was the case.
The existence of brighter objects (A–U in Figures 3
and 4) in the cloud of SOHO/STEREO minicomets sug-
gests that, among the sungrazers, they may consist of
a material of a greater than average cohesion, so that
their fragmentation rate is slower than that of other frag-
ments in the stream. Because their parent(s) broke up
less often and probably also at later times than the rest,
the spatial distribution of subfragments that derive from
such objects is less uniform and more cluster-like, which
necessarily leads to greater variations and relatively of-
ten to gaps in their distribution along the orbit. These
gaps show up as the flat segments on the cumulative-
distribution curve. Thus, to a point, the occurrence rate
of flats should indeed vary in some proportion to the ar-
rival rate of bright dwarf fragments. Only when this rate
increases significantly is there much more debris around,
so that the number of flats begins to drop, but even then
they should not be entirely absent.
The orbital results for the bright dwarf sungrazers in
Table 2, which completely rule out any potential rela-
tionship between their sharply elevated rate and comet
C/2011 W3, are supported by the evidence of very few
faint SOHO/STEREO Kreutz minicomets in orbits sim-
ilar to that of C/2011 W3. Table 6 shows that there
were only nine such objects in the set of more than 1000
SOHO/STEREO Kreutz sungrazers between 2004 and
2013 with currently known orbits. Faint companions
in close proximity of C/2011 W3 were recent fragments
whose existence does not change the overall picture.
What are these conflicting lines of evidence telling us?
By far the most plausible hypothesis is that another
Lovejoy-sized fragment , closely related to C/1843 D1 and
moving in a similar orbit but with its perihelion time
shortly preceding that of C/2011 W3, continued to break
up during its orbital motion still at large heliocentric dis-
tances . This hypothesis logically explains several major
findings of our paper.
First, the 16 tightly related bright dwarf sungrazers in
the swarm, identified in Sec. 3 and Table 2, are the prime
fragmentation products of the postulated object — their
parent . Indeed, adding up the brightness contributions
from the 16 sungrazers in Table 1 leads to an equiva-
lent of apparent magnitude −2.0, not much fainter than
was C/2011 W3 (whose apparent magnitude at maxi-
mum light was estimated at −3; e.g., Green 2011).
Second, a population of fainter dwarf sungrazers must
be, in addition to the 16 bright ones, also derived from
the same parent. An example of direct evidence for this
argument is the clump of 22 faint objects from Decem-
ber 2010, most of which were shown to be associated
with the swarm of bright dwarf sungrazers, representing
in this scenario a debris of a sizable, but less cohesive
member of this swarm that fragmented long before reach-
ing perihelion. This clump is probably the most extreme
example of this advanced stage of cascading fragmenta-
tion but certainly not the only one.
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Table 6
List of Orbital Elements and Apsidal Orientation for SOHO/STEREO Sungrazers with Available Orbits in 2004–2013
Moving in Paths Generally Similar to That of C/2011 W3 (Eq. J2000.0).
Orbital elements Line of apsides Number
Corona- of used
Object tpi (ET) ω Ω i q (R⊙) Lpi Bpi graph(s) positions Author Reference
C/2004 A4 2004 Jan. 8.64 60◦.94 333◦.15 134◦.78 1.03 281◦.42 +38◦.35 C3 15 Marsden MPC60097
C/2004 P5 2004 Aug. 9.45 52.72 324.88 133.10 1.31 282.97 +35.52 C3 25 Marsden MPC52766
C/2005 U5 2005 Oct. 22.20 49.13 319.04 131.09 1.05 281.82 +34.75 C3 15 Marsden MPC55718
C/2006 U8 2006 Oct. 17.09 53.25 319.52 137.33 1.07 274.96 +32.89 C2, C3 10 Marsden MPC58538
C/2007 S4 2007 Sept. 24.31 57.15 325.85 138.08 1.07 276.80 +34.14 C2, C3 14 Marsden MPC60927
C/2010 C4 2010 Feb. 7.99 61.46 333.75 135.99 1.10 280.85 +37.62 C3 14 Marsden MPC72131
C/2010 Q2 2010 Aug. 24.79 51.38 325.82 133.48 1.73 285.08 +34.54 C2, C3 62 Gray MPC84618
C/2010 Y16 2010 Dec. 21.83 57.04 329.47 133.49 1.67 282.76 +37.50 C3 15 Gray MPC84623
C/2013 F4 2013 Mar. 27.51 60.71 336.38 138.47 1.79 283.22 +35.33 C3a 126 Gray MPC84626
a Also: COR2-A, COR2-B, and HI1-B.
Third, a hint of a hierarchy in the distribution of frag-
ment dimensions is perceived in both the swarm and the
clump. The swarm’s brightest object, SOHO-2143, is in
about the same position relative to the apparent ends of
the swarm modeled in Figure 2, as is the clump’s most
prominent object, C/2010 Y10, relative to the apparent
ends of the clump. In both cases this “primary” frag-
ment is in the feature’s second half. Its positioning may
provide information on the vector field of separation ve-
locities and on the fragmentation mechanism’s nature.
Fourth, this hypothesis is consistent with our explana-
tion of the gaps in the distribution of arrival times of the
SOHO/STEREO Kreutz population or, equivalently, the
flats in its cumulative distribution, as described in Sec. 4
and earlier in this section.
Fifth, the presented hypothesis explains the fairly well-
defined limits of the tightly-knit swarm. It is in fact re-
markable that SOHO-2571, the last point on the cumu-
lative distribution of bright dwarf sungrazers in Figure 1,
has orbital elements so dramatically different from those
of the swarm’s members. The future will show whether
this comet is a “wanderer” (like bright SOHO sungrazers
before 2004) or the first member of a new swarm.
More broadly, the hypothesis of a broken-up parent
sungrazer is closely linked to, and symptomatic of, the
process of nucleus fragmentation at large heliocentric dis-
tance, whose important trait is its fairly insignificant
effect on the orbital periods of the parent’s fragments
(Sekanina 2002). Accordingly, they arrive at perihelion
nearly simultaneously (on a scale of the orbital period)
as a true swarm. For illustration, Table 7 lists the per-
turbations of the arrival time at next perihelion for a
fragment that separated far from the Sun with a typical
velocity of 1 m s−1 in either of two cardinal directions
in the plane of a sungrazing orbit with a perihelion dis-
tance of 1.2 R⊙ and an orbital period of 900 years (with
aphelion at 186.43 AU). The radial component, VR, is di-
rected away from (+) or toward the Sun, the transverse
component, VT , is in the orbit plane and perpendicular
to VR, pointing in the general direction of the orbital
motion (+) or in the opposite direction. There is no
contribution from the normal component.
Table 7 shows some noteworthy facts. First of all, the
radial separation velocity is 10 to 100 times more effi-
cient in triggering off the same change in the arrival time
at next perihelion passage than is the transverse velocity.
Second, the effect is approximately, but not exactly, sym-
metrical for positive and negative velocities. And third,
a peak arrival rate of 4.6 per year for the bright dwarf
sungrazers (Sec. 2) is equivalent to their minimum tem-
poral separation of 0.22 yr, which in Table 7 matches the
arrival-time perturbation for a separation near aphelion.
If the separation velocity should be lower than 1 m s−1,
the assumed fragmentation event would have taken place
before aphelion, and vice versa. The temporal relations
among the bright dwarf sungrazers from 2006–2013 are
therefore on the right order of magnitude to be consistent
with the process of cascading fragmentation.
The argument of perihelion ω and the longitude of the
ascending node Ω are both affected by fragmentation at
large heliocentric distance rather strongly, while the in-
clination i to a much lesser degree, as is shown in Table 8.
It is now the normal component, VN , of the separation
velocity that is primarily involved, pointing to the north
orbital pole (+) or in the opposite direction. There is no
contribution from the radial component and, only in ω, a
Table 7
Perturbation of Arrival Time (yr) at Next Perihelion by
Separation Velocity Acquired in Fragmentation Event
as Function of Heliocentric Distance.
Distance Elapsed Radial velocity Transverse velocity
from Suna timeb
(AU) (yr) +1ms
−1
−1ms−1 +1ms−1 −1ms−1
10 2.42 +3.6715 −3.6463 +0.0891 −0.0888
20 6.96 +2.5195 −2.5074 +0.0446 −0.0443
30 13.01 +1.9941 −1.9865 +0.0297 −0.0294
50 29.10 +1.4441 −1.4400 +0.0178 −0.0175
75 56.47 +1.0707 −1.0683 +0.0117 −0.0115
100 92.79 +0.8261 −0.8246 +0.0086 −0.0083
130 151.88 +0.6061 −0.6052 +0.0063 −0.0060
160 240.25 +0.4178 −0.4174 +0.0045 −0.0043
186.43 450.00 +0.1851 −0.1849 +0.0025 −0.0023
160 659.75 +0.0649 −0.0648 +0.0012 −0.0011
130 748.12 +0.0325 −0.0324 +0.0007 −0.0007
100 807.21 +0.0159 −0.0159 +0.0004 −0.0004
75 843.53 +0.0079 −0.0079 +0.0002 −0.0002
50 870.90 +0.0032 −0.0032 +0.0001 −0.0001
30 886.99 +0.0011 −0.0011 +0.0001 −0.0001
20 893.04 +0.0005 −0.0005 0.0000 0.0000
10 897.58 +0.0001 −0.0001 0.0000 0.0000
a At the time of separation; aphelion is at 186.43 AU.
b Measured from previous perihelion for orbital period of 900 yr.
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Table 8
Perturbations of Argument of Perihelion (ω),
Longitude of Ascending Node (Ω), and Inclination (i)
by Normal Component of Separation Velocity
Acquired in Fragmentation Event as Function
of Heliocentric Distance.
Distance Effect in ω Effect in Ω Effect in i
from Suna
(AU) +1ms
−1
−1ms−1 +1ms−1 −1ms−1 +1ms−1 −1ms−1
10 −0◦.25 +0◦.25 −0◦.31 +0◦.31 −0◦.03 +0◦.03
20 −0.50 +0.50 −0.62 +0.62 −0.06 +0.06
30 −0.75 +0.75 −0.92 +0.93 −0.09 +0.08
50 −1.25 +1.26 −1.54 +1.55 −0.14 +0.12
75 −1.87 +1.90 −2.31 +2.33 −0.21 +0.17
100 −2.49 +2.53 −3.07 +3.11 −0.29 +0.21
130 −3.23 +3.30 −3.99 +4.05 −0.38 +0.25
160 −3.97 +4.06 −4.90 +4.99 −0.48 +0.28
186.43 −4.61 +4.73 −5.69 +5.81 −0.56 +0.29
160 −3.98 +4.06 −4.91 +4.99 −0.45 +0.25
130 −3.24 +3.30 −4.00 +4.05 −0.35 +0.21
100 −2.50 +2.53 −3.08 +3.11 −0.25 +0.17
75 −1.88 +1.90 −2.32 +2.33 −0.18 +0.13
50 −1.26 +1.27 −1.55 +1.56 −0.11 +0.09
30 −0.76 +0.76 −0.93 +0.93 −0.06 +0.05
20 −0.50 +0.51 −0.62 +0.62 −0.04 +0.03
10 −0.25 +0.25 −0.31 +0.31 −0.02 +0.01
a At the time of separation; aphelion is at 186.43 AU.
very minor one, not exceeding 0◦.02 per 1 m s−1 velocity
from the transverse component. The normal-velocity ef-
fect is again nearly symmetrical relative to aphelion and
also for positive and negative velocities. An exception is
the inclination, with the negative velocity having a gen-
erally smaller effect, as small at aphelion as one half of
that of the positive velocity of the same magnitude.
The perturbations of the three angular elements, which
always have the same sign, are only very approximately
in constant proportions at different heliocentric dis-
tances. At aphelion, for example, the ω:Ω:i perturbation
ratios are 0.81:1:(0.05-0.10). Given the errors involved,
these ratios are in good agreement (including the cor-
rect signs) with the relative ratios of 0.88:1:0.024 of the
average slopes in Table 3. This match is a very encour-
aging indication that the angular-element trends among
the tightly-knit swarm’s sungrazers were indeed triggered
by perturbations due to separation velocities acquired in
fragmentation events involving these objects. The ratios
also explain why in Table 2 the trends in ω and Ω are
obvious but those in i are not.
Table 9
Perturbation of Perihelion Distance (R⊙) by Transverse
Component of Separation Velocity Acquired in
Fragmentation Event as Function
of Heliocentric Distance.
Distance Transverse velocity Distance Transverse velocity
from Sun from Suna
(AU) +1m s
−1
−1ms−1 (AU) +1m s
−1
−1ms−1
10 +0.008 −0.008 100 +0.077 −0.075
20 +0.015 −0.015 130 +0.101 −0.097
30 +0.023 −0.023 160 +0.125 −0.119
50 +0.038 −0.038 186.43 +0.146 −0.138
75 +0.058 −0.057
a At the time of separation; aphelion is at 186.43 AU.
Fragmentation always has an extremely small effect on
the orientation of the line of apsides. The magnitude
of these perturbations never exceeds 0◦.03 per 1 m s−1
at >10 AU from the Sun and they are caused by the
transverse component of the separation velocity in the
perihelion longitude Lpi and by the normal component
in the perihelion latitude Bpi.
The perturbations of the perihelion distance for a frag-
ment that broke off from its parent far from the Sun are
dominated by the transverse component of the separation
velocity, as shown in Table 9. There is a perfect symme-
try relative to aphelion, so only the preaphelion numbers
are listed. On the other hand, the effect’s symmetry due
to a positive (in the general direction of the orbital mo-
tion) vs a negative velocity is only approximate. There
is no contribution from the radial component and only a
minor contribution, not exceeding 0.004 R⊙ per 1 m s
−1,
from the normal component. It is noted that even a
submeter-per-second separation velocity acquired during
a single fragmentation event near aphelion can turn a
fragment’s sungrazing orbit with a perihelion distance of
1.1 R⊙ into a sun-striking orbit. It is noted that two ob-
jects in Table 2 do indeed have their perihelion distances
smaller than 1 R⊙.
Finally, perturbations of the eccentricity due to frag-
mentation at large heliocentric distance are not discussed
here in any detail because of the parabolic orbital ap-
proximation used for the swarm members. We only note
that they are expressible in terms of the perturbations
of the perihelion distance and the semimajor axis, whose
reciprocal, 1/a, is affected by less than 0.00003 AU−1 at
>10 AU from the Sun primarily by the radial compo-
nent. Unlike near the Sun, the transverse component is
much less important and there is no contribution to 1/a
from the normal component.
To summarize up to this point, our discussion sug-
gests that the orbital perturbations of fragments due to
submeter- or meter-per-second separation velocities ac-
quired during breakup events at large heliocentric dis-
tances are generally consistent with the systematic trends
in the orbital elements in Table 2, supporting our hy-
pothesis that the tightly-knit swarm of 16 bright dwarf
sungrazers (as well as a debris of additional, fragmented
members of the swarm), peaking in 2010/2011, consisted
of fragments of an originally common parent, which it-
self must have been a fragment of a precursor that also
gave birth to comet C/1843 D1. This precursor could
have been the celebrated comet X/1106 C1, as sug-
gested by Sekanina & Chodas (2007). The arrival time
of the swarm, about 168 years after the appearance of
C/1843 D1, requires a relative separation velocity of only
about 1 m s−1 between the swarm’s parent and this 19th-
century sungrazer, if they detached from X/1106 C1 right
at perihelion, or somewhat greater than 1 m s−1, if a lit-
tle off the perihelion point, but in any case a velocity
typical for separations of sungrazer fragments near per-
ihelion (Sekanina & Chodas 2007). It is possible that
C/1843 D1, the swarm’s parent, many additional sizable
sungrazers as well as huge amounts of debris had sepa-
rated from X/1106 C1 as a single object, which became
subject to sudden or gradual fragmentation only during
its liftoff through the precursor’s atmosphere and/or soon
afterwards.
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Because SOHO-2143 was clearly the brightest among
the swarm’s members (Table 1), it is plausible to deem
this sungrazer the most massive fragment, located near
the position that would have been occupied by the parent
had it survived intact. The swarm’s 15 remaining objects
are then products of one or more breakup events, in har-
mony with the conceptual paradigm of cascading frag-
mentation (Sekanina 2002, Sekanina & Chodas 2007). If
the mechanism that accounts for the separation veloci-
ties causes them to prefer a certain direction — such as,
for example, the parent’s spin — the contributions from
the individual fragmentation events to the total pertur-
bation effect would simply add up in some direction in an
inertial coordinate system, to which the introduced coor-
dinate system is, due to the orbit’s extreme elongation,
practically equivalent at any point far enough from per-
ihelion. The task is now reduced to finding out whether
it is at all possible to choose a limited number of, and
appropriate locations for, the breakup events in which a
swarm’s fragment could have been reasonably involved,
such that the respective orbital difference from Table 2
is in each of the five elements matched closely enough by
the sum of perturbations from these events.
There exists far too little information to derive the
unique solution. We offer one example of a greater than
average difficulty to outline the issues involved and to
illustrate the plausibility of our swarm’s fragmentation
hypothesis. The first issues are whether in our scenario
we should (a) presume more than one original parent
and (b) consider more than a single orbit about the Sun.
The answer is no on both counts. One, the lifetimes of all
SOHO/STEREO Kreutz sungrazers observed to disinte-
grate just before perihelion are shorter than one revolu-
tion, as otherwise these objects would have disintegrated
just before their previous perihelion passage and could
not be seen nowadays. And two, even if fragmentation
began before previous perihelion, the secondary parents,
which would have to have been large enough objects to
survive, and their own subsequently generated swarms
would be separated from each other by such huge gaps
in time that their association could not easily be recog-
nized. Thus, our task is indeed confined to one parent
and a single revolution about the Sun.
With these constraints in mind, let us consider the first
entry in Table 2, C/2006 A5. Its orbital elements suggest
that it was a member of the tightly-knit swarm. Because
it preceded SOHO-2143 (a proxy for the parent) by as
much as 5.74 years, it represents a highly challenging
case. In concert with our objectives, we ask: Could the
early arrival of C/2006 A5 and the deviation of its or-
bital elements from those of SOHO-2143 be explained by
perturbations due to separation velocities acquired in a
sequence of fragmentation events?
In our scenario, the difference of almost 6 years is an
integrated perturbation of the arrival time at next perihe-
lion, that is, the sum of perturbations at ν fragmentation
events in which this sungrazer was involved either as part
of a larger object in each of the first ν − 1 events or as a
stand-alone fragment produced by the last, ν-th event.
To estimate the number of fragmentation events, we
use a simple model, with the magnitude at maximum
light (normalized, strictly, to 1 AU from Earth, but dif-
fering very little from the apparent magnitude in close
proximity of the Sun) as a proxy for the initial mass,
since both quantities were shown to have been tightly
correlated (Sekanina 2003). For C/2006 A5 the magni-
tude at maximum light was 2.9 (Table 1); for the parent
we approximate the lower limit to its peak brightness by
that of SOHO-2143, that is, by magnitude −0.5. The
upper limit to the peak brightness of the original par-
ent is uncertain. The object may have been as bright as
magnitude −2.0 (see above) or even brighter; we adopt,
rather arbitrarily, magnitude −2.5. If the parent and
its fragments are assumed to have split, in each step of
the process, into two parts of equal mass (50 percent of
their immediate parent’s mass), the mass of any fragment
after ν events is a 2−ν-th part of the original parent. Be-
cause the estimated mass of C/2006 A5 comes out on
our assumptions to be between 100.4×(2.9+0.5) ≃ 23 and
100.4×(2.9+2.5) ≃ 145 times smaller than the original par-
ent’s mass, we obtain a condition 4.5 < ν < 7.2. To the
extent that this scenario applies, C/2006 A5 should have
been involved in 5–7 fragmentation events during the 900
years, not counting the initial breakup of X/1106 C1 near
perihelion.
In our example, we deem C/2006 A5 a final product
of six fragmentation events and require that the magni-
tude of the separation velocity acquired by it during each
event not exceed 1 m s−1. Since this sungrazer preceded
SOHO-2143, the parent’s proxy, the radial component,
which dominates the perturbations of the arrival time
at next perihelion, must have been directed toward the
Sun. We also require, rather arbitrarily, that the sepa-
ration velocity vector not vary from event to event and
that the last event have occurred at aphelion. With these
constraints, all that needs to be chosen in Table 7 (or its
expanded version) is six entries such that their sum is
greater in absolute value than 5.74 years. One of many
solutions that fits well the differences between the or-
bital elements of C/2006 A5 and SOHO-2143 in Table 2
is presented in Table 10.
The choice of orbital locations for the fragmentation
events is, in the absence of conditions constraining the
fragment’s history, rather arbitrary. Whether the frag-
mentation events were a corollary of major thermal
stresses that continued to ravage the body’s interior af-
ter perihelion (Sekanina & Chodas 2012) or more or less
spontaneous, the example in Table 10 conforms to an ex-
pectation that they became gradually less frequent and
eventually ceased. Other scenarios are of course possible,
but, as seen from Table 7, postaphelion fragmentation
fits only differences of <1 year or so in the arrival times
at next perihelion, unless |VN | ≫ 1m s−1 or the number
of fragmentation events is extraordinarily large.
The separation velocity that fits the fragmentation se-
quence in Table 10 is 0.96 m s−1 per event, with the
components VR = −0.62, VT = −0.61, and VN = +0.40,
all in m s−1. The perfect agreement between the pertur-
bation sum and the orbital difference is to be expected
for the arrival time and the perihelion distance, because
the perturbations of these elements are dominated by a
single component of the separation velocity, the radial
and the transverse one, respectively. The agreement be-
tween the perturbation sums and the orbital differences
in the three angular elements is another matter, because
the perturbations of all three are dominated by the nor-
mal component of the separation velocity. Also, when
the radial and transverse components exceed in magni-
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Table 10
Example of Interpreting Orbital Difference Between Two Swarm Members in Terms of Perturbations
Acquired During Series of Six Fragmentation Events.a
Fragmentation event #1 #2 #3 #4 #5 #6 Sum Difference
Time from previous perihelion (yr) 2.4 9.8 29.1 69.8 151.9 450.0 from C/2006 A5
Heliocentric distance (AU) 10.0 25.0 50.0 85.0 130.0 186.43 the six minus
Perturbations: events SOHO-2143
Arrival time at next perihelion (yr) −2.32 −1.40 −0.91 −0.61 −0.38 −0.12 −5.74 −5.74
Argument of perihelion −0◦.11 −0◦.26 −0◦.51 −0◦.86 −1◦.30 −1◦.85 −4◦.89 −5◦.00
Longitude of ascending node −0◦.13 −0◦.31 −0◦.62 −1◦.05 −1◦.60 −2◦.28 −5◦.99 −6◦.08
Inclination −0◦.01 −0◦.03 −0◦.05 −0◦.09 −0◦.15 −0◦.22 −0◦.55 −0◦.43
Perihelion distance (R⊙) −0.005 −0.011 −0.023 −0.039 −0.059 −0.083 −0.220 −0.22
a Best fit under adopted constraints requires that the separation velocity 0.96 m s−1, with the components (in m s−1): VR = −0.62,
VT = −0.61, and VN = +0.40. The orbital period is, as before, assumed to equal 900 years.
tude the normal component, the contributions from the
transverse velocity to the arrival-time perturbation and
from the normal component to the perihelion-distance
perturbation are not entirely negligible and they impact
the balance of the result. The residuals in Table 10 of
about 0◦.1 in each of the three angular elements suggest
that they are within the errors of observation, thus acced-
ing to the plausibility of our perturbation scenario and to
the status of the bright dwarf sungrazers in the swarm as
fragments of a common parent, sharing orbits very simi-
lar to that of comet C/1843 D1 and being closely related
to this spectacular object. In the light of this compelling
evidence, the remarkable coincidence in timing between
the arrival of the swarm and the appearance of comet
C/2011 W3 is found to be purely fortuitous.
The clump of nearly two dozen faint SOHO/STEREO
Kreutz minicomets from mid-December 2010 is shown to
be a debris of the swarm’s another member that frag-
mented far from the Sun on its way to perihelion. For
the clump’s duration of about eight days, Table 7 sug-
gests that the parent’s fragmentation most probably be-
gan more recently than some 150 years ago and less than
∼130 AU from the Sun after aphelion. When orbits of
all SOHO/STEREO sungrazers from 2011 are available,
the origin of the second major clump, from December of
that year, can likewise be examined.
The situation with the swarm of bright dwarf sungraz-
ers is reminiscent of that with the temporal distribution
of the Solar MaximumMission (SMM) sungrazers, whose
orbits were studied extensively by Marsden (1989). He
found that, like the swarm members in our investigation,
the objects belonged to what he called Subgroup I , which
includes C/1843 D1, and that two pairs of them arrived
only 12–13 days apart. Although the SMM sungrazers’
orbits were determined less accurately than those of the
brighter SOHO/STEREO sungrazers, a general tendency
is apparent among the SMM objects’ orbits (Marsden
1989, Marsden & Williams 2008) for the argument of
perihelion and the longitude of the ascending node to
systematically increase with time in the course of that
“swarm’s” observed duration of about two years.
The experience with the 2010/2011 swarm of bright
dwarf sungrazers and comet C/2011 W3 shows that
it is not advisable to employ suddenly increasing rates
of SOHO/STEREO Kreutz sungrazers , especially the
brighter ones, as a token of an imminent (on a time
scale of a year or so) arrival of a spectacular member
of the Kreutz system. Although it would have worked,
because of a coincidence, in the case of C/2011 W3, a
prediction of this kind — with no further supporting ev-
idence — is in fact merely a product of wishful thinking
and very risky. It appears that the process of cascad-
ing fragmentation, whose influence on the evolution of
comets in general and of the Kreutz system in partic-
ular proves overwhelming, makes it virtually impossible
to predict the arrival of a spectacular sungrazer on time
scales of a year or so.
In evolutionary terms, the swarm of bright dwarf sun-
grazers provides useful information toward our under-
standing the Kreutz system’s morphology, just as does
C/2011 W3. They both represent warning signals that
the expected new, 21st-century cluster of spectacular
members of the Kreutz system is approaching. Even
though the swarm and C/2011 W3 are products of dif-
ferent evolutionary paths, the orbital periods — directly
computed for C/2011 W3 and indirectly inferred for the
swarm — consistently show that the 20th-century clus-
ter, which was observed to extend from 1945 to 1970, did
not represent the last “bead” of the “string of pearls”
[to euphemistically express the extent of the protofrag-
ment’s perihelion breakup in analogy to the appearance
of comet D/1993 F2 (Shoemaker-Levy)], but that one
or more “beads” are yet to come. The alert to the ex-
pected new cluster is the only parallel link that we find in
our effort to decode the meaning of the two remarkable,
nearly-simultaneous events.
6. CONCLUSIONS
Our study of the population of SOHO/STEREO’s
Kreutz sungrazers and their rate of arrival in the years
2004–2013 offers the following conclusions on the Kreutz
system and on the potential temporal relationship with
comet C/2011 W3:
(1) In addition to its usual annual periodicity, caused
by selection effects, the overall arrival-time distribution
displays a number of prominent spikes, whose magnitude
peaked approximately one year before the appearance of
comet C/2011 W3, in December 2010.
(2) Comet C/2011W3 arrived also about one year after
the sharply elevated arrival rate of the SOHO/STEREO
sungrazers brighter at maximum light than apparent
magnitude 3, which are free from major selection effects.
A polynomial fitted through a set of 19 objects of this
swarm showed a peak rate of 4.6 per year centered on
2010.88, while a similar polynomial fitted to a subset of
13 sungrazers brighter at maximum light than apparent
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magnitude 2 indicated a peak rate of 4.3 per year cen-
tered on 2011.35, compared with a pre-2006 average rate
of ∼1 per year. The estimated uncertainty in the times
of peak arrival rate is a few months.
(3) A potential physical correlation between comet
C/2011 W3 and the elevated rate of the distribution
of bright SOHO/STEREO sungrazers is strongly con-
tradicted by dynamical evidence, which shows no orbital
similarity between these bright objects and C/2011 W3,
with deviations of 10◦ or more in each of the three an-
gular elements.
(4) On the other hand, fully 18 of the 19 bright
SOHO/STEREO sungrazers were found to move in or-
bits very similar to that of the spectacular Kreutz comet
C/1843 D1, and 16 of them made up a swarm of tightly
related objects, with clear systematic trends in the argu-
ment of perihelion, the longitude of the ascending node,
and the perihelion distance.
(5) The cumulative distribution of SOHO/STEREO
sungrazers’ arrivals exhibits a series of flat segments or
“flats,” relatively prolonged intervals of time (3–5 weeks)
during which the arrival rate of the population of Kreutz
minicomets was nil or extremely low (gaps); they do not
correlate well with the instances of SOHO’s roll.
(6) The temporal distribution of the flats is strongly
nonuniform: no flat is located from the beginning of 2004
to mid-2006, while their rate is the highest and equal to 3
per year between mid-2006 and mid-2008; from mid-2009
to mid-2011 the rate is nearly constant at 2 per year.
(7) The number of flats appears to correlate with the
arrival rate of SOHO/STEREO sungrazers brighter at
maximum light than magnitude 3; this correlation ap-
pears counterintuitive in that there are no flats in a seg-
ment of the distribution curve that is not populated by
any bright dwarf sungrazer while the temporal rate of
flats peaks in a segment of the curve that is marked by
the arrivals of three such sungrazers.
(8) This peculiar property is understood in the frame-
work of cascading fragmentation, as gaps in the tempo-
ral distribution of subfragments are byproducts of rela-
tively more sizable and cohesive parent fragments; their
breakup generally leads to more nonuniform, cluster-like
temporal arrangement of the ensuing subfragments.
(9) Overall, the results of this study vividly illustrate
the immense morphological complexity of the Kreutz sys-
tem. In connection with C/2011 W3 they not only show
that no bright SOHO/STEREO sungrazer was moving
in a similar orbit at least between 2004 and the end of
2012, but that even faint Kreutz minicomets in such or-
bits were very rare, a few close short-lived companions
accompanying the comet notwithstanding.
(10) As a plausible interpretation of the evidence, we
propose that another Lovejoy-sized sungrazer, moving in
an orbit similar to that of C/1843 D1 but with the per-
ihelion time close to that of C/2011 W3, continued to
break up at large heliocentric distances; and that the
swarm of bright dwarf sungrazers with their arrival rate
peaking some time in late 2010 or early 2011 was the
prime product of this fragmentation process.
(11) The prominently spike-like distribution of fainter
SOHO/STEREO minicomets suggests that it contains
a debris of prematurely fragmented bright dwarf sun-
grazers also belonging to the swarm. This scenario is
shown to apply to the most prominent clump of 22 faint
SOHO/STEREO sungrazers from mid-December 2010,
up to 19 of which fit a test of their association with
the swarm. This correlation should also be verified on
another clump of faint sungrazers from December 2011,
when their orbital data become available.
(12) A decisive role of sheer chance in the timing of the
appearance of comet C/2011W3, on the one hand, and of
the significantly elevated arrival rate of the population of
SOHO/STEREO Kreutz minicomets and especially the
swarm of bright dwarf sungrazers, on the other hand, is
under the circumstances indisputable.
(13) A common origin of all 16 members of the tightly-
knit swarm is understood in terms of perturbations dur-
ing their original parent’s fragmentation, which pro-
ceeded in a cascading fashion at large heliocentric dis-
tances. This scenario is strongly corroborated by com-
parison of systematic trends in the swarm members’ or-
bital elements with the perturbations expected to be
caused by separation velocities acquired by the fragments
during such breakup events.
(14) Spikes in, and sharply elevated rates of, the tem-
poral distribution of SOHO/STEREO Kreutz sungraz-
ers, bright and faint alike, should not be mistaken for a
token of an imminent (on a time scale of a year or so)
arrival of a spectacular member of the Kreutz system.
Because of an overwhelming effect of cascading fragmen-
tation, it is practically impossible to predict the arrival
of a major Kreutz sungrazer on such short time scales.
(15) The swarm of bright dwarf sungrazers and the
clumps of fainter sungrazers, causing prominent spikes in
the SOHO/STEREO arrival-time distribution, represent
another warning signal that the expected 21st-century
cluster of spectacular Kreutz comets is on its way to
perihelion, to arrive in the coming decades (Sekanina
& Chodas 2012). This alert is the only common link
that we find between the recent nearly-simultaneous
appearance of C/2011 W3 and the elevated arrival rates
of the SOHO/STEREO Kreutz population.
This research was carried out in part at the Jet Pro-
pulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space
Administration.
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